Phototransduction in vertebrates represents a paradigm of signalling pathways, in particular those mediated by G-protein-coupled receptors. The variety of protein-protein, protein-ion and protein-nucleotide interactions makes up an intricate network which is finely regulated by activating-deactivating molecules and chemical modifications. The holistic systems properties of the network allow for typical adaptation mechanisms, which ultimately result in fine adjustments of sensitivity and electrical response of the photoreceptor cells to the broad range of light stimuli. In the present article, we discuss a novel bottom-up strategy to study the phototransduction cascade in rod cells starting from the underlying biochemistry. The resulting network model can be simulated and the predicted dynamic behaviour directly compared with data from electrophysiological experiments performed on a wide range of illumination conditions. The advantage of applying procedures typical of systems theory to a well-studied signalling pathway is also discussed. Finally, the potential application to the study of the molecular basis of retinal diseases is highlighted through a practical example, namely the simulation of conditions related to Leber congenital amaurosis.
Introduction
The primary events in vertebrate vision are the biochemical steps in the phototransduction cascade in rods and cones, the retinal photoreceptor cells. This signal transduction cascade is triggered by absorption of light by visual pigments and transforms a photon signal into an electric signal at the photoreceptor cell synapse, which is processed further in the retina in subsequent steps involving downstream neuronal cells.
In particular in rod cells, the photoreceptors dedicated to dim-light vision, phototransduction has been intensely studied over the last 40 years and great progress in the field has been achieved by a synergy of interdisciplinary approaches, including biochemistry and biophysics, molecular biology, genetics and physiology [1] . As a result, the molecular machinery behind phototransduction has become sufficiently clear [2] , and the phototransduction cascade is now one among a few prototypical GPCR (G-protein-coupled receptor)-mediated signalling pathways.
Very recently, a novel attempt to summarize the current biochemical knowledge on the phototransduction cascade has been made for vertebrate rod cells [3] in a fashion typical of the systems biology paradigm. The most up-to-date comprehensive biochemical model was built in a modular fashion that allows the simulation of the time evolution of the intricate protein-protein, protein-ion and proteinnucleotide interactions making up the network. While taking advantage of approaches and analyses typical of the systems theory, the proposed strategy does not neglect the underlying biochemistry. Rather it attempts to unravel holistic systems properties that emerge in the network as a consequence of the combination of well-defined biochemical reactions. This novel bottom-up strategy has shown high potential for the description and the prediction of complex responses of rod cells to light stimuli in normal and altered conditions, including the genetic manipulation of network components [3] .
The basic principles of the strategy, the results achieved so far and possible future developments are discussed in the present brief review. Emphasis is put on simulating the conditions related to retinal diseases, which opens new scenarios in the multiscale investigation of effective therapies.
A comprehensive biochemical description of the phototransduction cascade
The crucial biochemical steps in rod phototransduction are depicted in Figure 1 . In the dark ( Figure 1A ) the visual pigment Rh (rhodopsin), which is embedded at high concentrations in the disc membrane, is kept inactive by the 11-cis-isomeric form of retinal, its covalently bound chromophore serving as an inverse agonist for the receptor. The cationic channels in the plasma membrane are opened (A) Dark-adapted state. Inactive Rh is embedded at high concentration in disc membranes of rod outer segments (here only one receptor molecule is shown). In the plasma membrane, cGMP-gated channels are open to allow the entrance of Ca 2+ and Na + . The concomitant extrusion of Ca 2+ by the exchanger is not shown in this Figure. (B) Light activation of the cascade. A photon absorbed by Rh triggers the activation of the cascade leading rapidly to the formation of the Tα-GTP-PDE effector complex, which hydrolyses cGMP to 5 -GMP. Reduction in the cytoplasmic concentration of cGMP triggers the closure of the cGMP-gated ion channels. The subsequent fall in [Ca 2+ ] is sensed by GCAPs that activate the enzyme GC and thereby accelerate the synthesis of cGMP from GTP. Other Ca 2+ -mediated feedback loops operate in the cascade, but are not shown in the Figure. by the second messenger cGMP that is present at relatively high concentrations in rod and cone cells. Gating of the channels by cGMP allows Na + and Ca 2+ to enter the cell. Continuous extrusion of Ca 2+ through a Na + /Ca 2+ , K + exchanger (not shown in Figure 1 ) helps to maintain a steady 500-600 nM cellular concentration of Ca 2+ in the dark. When a photon is absorbed by one Rh [Rh* (photo-activated Rh)], the 11-cis to all-trans transition of retinal triggers a series of conformational changes in Rh and leads to the activation of the cascade ( Figure 1B ). As in any other GPCR-mediated pathway, the activated receptor couples to a heterotrimeric G-protein [Tαβγ (transducin)] and catalyses a GDP-GTP exchange at its α-subunit. The heterotrimeric G-protein dissociates into two structural subunits (Tα and βγ ) and the GTP-bound α-subunit (Tα) then binds the γ -subunit of the target enzyme PDE6 (phosphodiesterase 6), which in turn releases the inhibition of its α and β catalytic subunits. Activated Tα-PDE constitutes the effector of the cascade and hydrolyses cGMP, normally synthesized by the discmembrane-bound GC (guanylate cyclase), thus leading to a fall in cGMP concentration and to the rapid closure of the cGMP-gated ion channels ( Figure 1B ). The channel closure and the continuous extrusion operated by the exchanger causes [Ca 2+ ] to fall to 50-100 nM and triggers at least three Ca 2+ -mediated feedback mechanisms [4] , of which in Figure 1 only the one operated on the GC by GCAPs (GC-activating proteins) [5] [6] [7] is depicted ( Figure 1B ) (for a detailed review, see [2, 8] ). The feedback mechanisms mediated by Ca 2+ on crucial steps in the cascade constitute several important molecular mechanisms in the light adaptation phenomena, i.e. the characteristic non-linear behaviours of photoreceptors in response to changes in the stimuli as related to previous light/dark conditions.
Closing of cGMP-gated channels leads to cell membrane hyperpolarization and the resulting electric signal is finally transmitted to photoreceptor synapses, where it causes a decrease in neurotransmitter release.
In order to generate light responses under changing ambient illumination conditions, photoreceptor cells must rapidly recover to the dark state. A crucial step towards recovery is the deactivation of the cascade, which can ideally be separated in two parts, namely the deactivation of the receptor ( Figure 1C ) and that of the effector ( Figure 1D ). In the first one, a series of subsequent Rh* phosphorylations operated by the RK (Rh kinase) increase the affinity of Rh* for Arr (arrestin), a protein that competes with Tαβγ for Rh* and facilitates the dissociation of all-trans-retinal from the apo form of the receptor, named Ops (opsin). It is crucial that freshly delivered 11-cis-retinal is provided by means of the retinoid cycle [9] in order for the receptor to keep a low basal activity, since Ops is known to activate the cascade in the absence of light with a 10 − 6 -10 − 7 efficiency with respect to Rh* [10, 11] . In the second mechanism ( Figure 1D ), the multiprotein RGS (regulator of G-protein signalling; RGS9) interacts with Tα in the effector complex and enhances the G-protein GTPase activity. The accelerated hydrolysis of GTP to GDP triggers the dissociation of the RGS-Tα-PDE complex, thereby allowing the reassembling of the Tαβγ heterotrimer and the re-association of the inhibitory PDE subunits with the catalytic subunits to form the PDE holoenzyme. Effector deactivation blocks the hydrolysis of cGMP and the simultaneous increase in the rate of cGMP synthesis by GC resets the opening of the cGMP-gated ion channels, finally leading the photoreceptor back to the darkadapted condition depicted in Figure 1(A) .
Building a dynamic model of the phototransduction network in rod cells: a bottom-up strategy
The crucial steps in the biochemical cascade of rod phototransduction have been recently included in a comprehensive computational model that allows a simulation of the time evolution of the network interactions, and the direct comparison between simulation output and data from electrophysiological recordings [3] . The approach was substantially a bottom-up strategy in which detailed biochemical information on the individual components of the cascade was included and a network of increasing complexity was built by explicitly accounting for all the interactions between the components according to an integrated systems biology paradigm [3] . In summary, the most comprehensive dynamic model available [12, 13] was taken as a template and significantly extended in both size and connectivity in order to account for novel reactions and molecular species and to allow prediction of novel in vitro and in vivo scenarios. The strategy consisted of: (i) keeping unaltered the core structure of the template model [12] in terms of reactions and parameters that already showed great capability of reproducing rod dynamic behaviours; (ii) adding new modules that remarkably increased the molecular complexity of the network; (iii) verifying consistency with the template model as for the prediction of responses to light stimuli already tested with previous models; and (iv) validating the extended model over a broad range of experimental conditions accessible solely to the novel model due to its enlarged structure. The resulting model currently includes 91 biochemical reactions, 71 molecular species and 63 parameters [3] .
The major extensions in the model were the explicit inclusion of reactions involving RGS, the reconstitution of Tαβγ from separate subunits, the generation of Ops and light-independent activity as a result of Rh* bleaching, the regeneration of inactive visual pigment and the investigation of alternative kinetic scenarios for both Arr and effector reactions (for details see [3] ). Among the main achievements, the model could reproduce with a single set of parameters a number of light adaptation phenomena observed experimentally in several electrophysiological recordings, where light intensity varied over five orders of magnitude. Of particular interest are the correct predictions of rod photoresponses following genetic manipulation of the network components. In detail, the presence of RGS as an explicit molecular species in the model allowed the simulation of experiments realized with RGS − / − animals [14] and those in which RGS and RK were overexpressed at similar levels [15] . The consistency between model predictions and electrophysiology data was apparent for most of the tested dynamic behaviours [3] , suggesting a substantially correct implementation of the reaction characteristics, namely stoichiometry, concentrations and reaction rates. Some of the inconsistencies between experimental and simulated responses might be partially imputed into the current description of Ca 2+ dynamics, which lacks some crucial proteins whose effect is accounted for only indirectly in the present implementation [3] . Some molecular species not directly related to Ca 2+ could also be missing, and we are currently investigating all of these possibilities.
Advantages of a systems perspective: modularity, in silico experiments and global sensitivity analysis
Although being based on the biochemical description of the interactions underlying the phototransduction cascade, our dynamic modelling approach strategically relies on some typical features of the systems-level analysis. First, the model was practically implemented in a way that ensures the possibility to add (and remove) virtually any number of modules and to check for the consistency with any prior model implementation. This feature clearly broadens the possible applications of modelling and the scale of phenomena to be studied and simulated. Modularity is a key concept in systems biology and the need for such a property also in systems-level analyses of phototransduction has already been demonstrated in previous studies [12, 13, 16] . Secondly, the dynamic modelling has been realized by taking into account the very broad extension of possible experimental validations. These range from in vitro biochemical/biophysical studies of individual reactions to electrophysiological recordings performed on single cells and, possibly, at a higher scale. Hence, in order to properly interface with these different scales, a strategy was necessary that clearly allows the distinction between different levels of complexity and the implementation of in silico experiments that accurately mimic those done in the laboratory. Thirdly, after the characteristic steps of dynamic modelling have been performed (e.g. robust parameter estimation procedures for the unknown parameters in the model), the working strategy should ideally benefit from the powerful tools of systems theory; for example, sensitivity analysis to examine how sensitive the model response is to parameter variations. This would clearly provide an important insight into the relationships between the parameters and specific features of the output.
In order to handle in practice all of the above-mentioned features, the network structure presented recently [3] was entirely implemented by making use of the novel SBTOOL-BOX2 software (http://www.sbtoolbox2.org) [17] , a Matlabbased customizable environment that allows the user to: (i) individually implement each biochemical reaction making up the network, by specifying stoichiometry, concentrations of the molecular species and mathematical expressions for the rate of each reaction, thus ensuring a virtually unlimited modularity; (ii) separate the computational model from the different experimental data, thus making a clear distinction between the model structure, which remains unaltered, and the simulation of specific conditions (in silico experiments) for a direct comparison with experimental data; (iii) perform all of the necessary analyses, including efficient parameter estimation and sensitivity analysis protocols, within the same environment; and (iv) export the final model also in the widely used SBML language to facilitate the sharing of the model. Within the SBTOOLBOX2 environment, it was possible to follow with a full control all of the steps in the dynamic modelling of rod phototransduction. Moreover, by making use of Matlab scripts, it was also possible to customize the toolbox according to case-specific requirements.
One of the major achievements of the systems-level analysis performed with the developed model [3] was the global sensitivity analysis of the saturation response, by which we could infer the parameters that mostly influence the period in which a rod cell remains in saturation after the delivery of a saturating flash. The saturation time is in fact an important index for quantifying light adaptation behaviours. The main result was that the shape of the trend assumed for the kinetics of the interaction between phosphorylated Rh* and RK or Arr, i.e. an exponential trend, appears to be the most important determinant for the saturation time, followed by a few other important parameters (for details, see [3] ). It is worth pointing out that global sensitivity analysis is a powerful tool to highlight important details of the interactions within the network that can be tested experimentally. Therefore it also provides a way to probe model robustness and represents a fundamental step to improve the reliability of the model against several dynamic behaviours.
Towards a molecular understanding of disease: the simulation of photoresponses from Rpe65 (retinal pigment epithelium 65) − / − animals A great potential of systems-level analyses of signal transduction pathways is that they can be used to unravel the molecular mechanisms related to the onset of pathological conditions. When the molecular causes underlying a genetic disease are partially known, the information collected on individual proteins making up the network can be considered in the context of the overall network. The consequence of altering individual reactions, for instance by modifying their rates due to point mutations or the concentration of the molecules involved due to different expression levels, can thus be assessed at the holistic level. This allows the unprecedented simulation of altered conditions in the signal transduction pathway, with a clear implication for the future design of novel therapeutics. However, such potential is only achievable if sufficient biochemical and biophysical information is present on the individual reactions, which would allow the effects of the alterations to be quantified [18] . The recently developed model of rod phototransduction has been adapted to mimic the conditions found in animal models of Leber congenital amaurosis and vitamin A deprivation [3] . In particular, the biochemical background described experimentally in Rpe65 − / − mice [9, 19, 20] was recreated in silico and the same illumination experiments [21] were performed on wild-type controls and altered cells [3] . In Rpe65 − / − cells, the crucial enzyme Rpe65 that converts alltrans-retinyl esters into 11-cis-retinol in the retinal pigment epithelium [22] is knocked out, thus causing a break in the retinoid cycle and impeding the delivery of fresh 11-cis-retinal to rod outer segments [19] , so that no pigment regeneration starting from Ops is possible. Such a condition has been found in both Leber congenital amaurosis and recessive retinitis pigmentosa, and previous evidence has demonstrated that spontaneous Ops activation is the cause of degeneration in Rpe65
− / − mice and in human diseases resulting from mutations in RPE65 [23] . This finding confirmed a previous hypothesis about Ops activity resembling that of constant rod illumination, a hypothesis known as 'equivalent light', finally able to trigger photoreceptor degeneration if not blocked [24] .
In rods from Rpe65 − / − animals no 11-cis-retinal was detected; however the isomer 9-cis-retinal was found at significant levels, which confers light absorption capability to the correspondingly regenerated receptors (isorhodopsin). The quantitative knowledge about biochemical modifications in Rpe65 − / − animals prompted us to modify the phototransduction model accordingly in an attempt to predict the photoresponses in such rods [3] . Some of the simulation results are reported in Figure 2 . The systems-level analysis could reasonably reproduce both qualitative and quantitative features of altered rods. In particular, it is apparent that Rpe65 − / − animals have a remarkably reduced dark current and, when stimulated by light, they have significantly reduced sensitivity and peak amplitude (Figures 2A-2D) . The model could also capture the relationship between peak amplitude and flash intensity in wild-type and Rpe65 − / − conditions ( Figures 2E-2F) , highlighting a remarkably reduced sensitivity for the latter type of rods.
Conclusions and future directions
Systems biochemistry has the potential to bridge the gap between the typical reductionist description of molecular biology and the holistic level of analysis that is suitable to describe biological processes at the physiological scale. The wealth of biochemical and biophysical knowledge accumulated over 40 years has been successfully employed to attempt the first holistic descriptions of phototrasduction events [3, 12, 13, 25] . Applying the paradigm of systems biology to signal transduction pathways, for instance by increasing the level of complexity in the description on a solid molecular background as summarized in the present article, is expected to significantly contribute not only to a better understanding of the biochemical processes, but also to the prediction of novel behaviours that emerge only at a systems level. This latter aspect is particularly promising as it opens new scenarios for the development of effective treatments of complex diseases.
